Robles JC, Sturek M, Parker JL, Heaps CL. Ca 2ϩ sensitization and PKC contribute to exercise training-enhanced contractility in porcine collateral-dependent coronary arteries. Am J Physiol Heart Circ Physiol 300: H1201-H1209, 2011. First published February 4, 2011 doi:10.1152/ajpheart.00957.2010.-Exercise training enhances endothelium-dependent coronary vasodilatation, improving perfusion and contractile function of collateral-dependent myocardium. Paradoxically, studies from our laboratory have revealed increased Ca 2ϩ -dependent basal active tone in collateral-dependent arteries of exercise-trained pigs. In this study, we tested the hypothesis that exercise training enhances agonist-mediated contractile responses of collateraldependent arteries by promoting Ca 2ϩ sensitization. Ameroid constrictors were surgically placed around the proximal left circumflex coronary (LCX) artery of female Yucatan miniature pigs. Eight weeks postoperatively, pigs were randomized into sedentary (pen confined) or exercise-training (treadmill run; 5 days/wk; 14 wk) groups. Arteries (ϳ150 m luminal diameter) were isolated from the collateraldependent and nonoccluded (left anterior descending artery supplied) myocardial regions, and measures of contractile tension or simultaneous tension and intracellular free Ca 2ϩ concentration levels (fura-2) were completed. Exercise training enhanced contractile responses to endothelin-1 in collateral-dependent compared with nonoccluded arteries, an effect that was more pronounced in the presence of nitric oxide synthase inhibition (N -nitro-L-arginine methyl ester; 100 M). Contractile responses to endothelin-1 were not altered by coronary occlusion alone. Exercise training produced increased tension at comparable levels of intracellular free Ca 2ϩ concentration in collateral-dependent compared with nonoccluded arteries, indicative of exercise training-enhanced Ca 2ϩ sensitization. Inhibition of PKC (calphostin C; 1 M), but not Rho-kinase (Y-27632, 10 M; or hydroxyfasudil, 30 M), abolished the training-enhanced endothelin-1-mediated contractile response. Exercise training also increased sensitivity to the PKC activator phorbol 12,13-dibutyrate in collateraldependent compared with nonoccluded arteries. Taken together, these data reveal that exercise training enhances endothelin-1-mediated contractile responses in collateral-dependent coronary arteries likely via increased PKC-mediated Ca 2ϩ sensitization.
THE CORONARY CIRCULATION is a highly autoregulated vascular bed. Coronary occlusion/stenosis is a common complication that can lead to alterations in coronary autoregulation in patients with coronary artery disease (5, 7) . Patients (22, 32, 42) and animal models (37, 38, 49) with coronary occlusion/ stenosis exhibit signs of myocardial ischemia as well as contractile dysfunction during periods of increased cardiac workload. In the compromised myocardial regions distal to occlusion, exercise training produces improvements in vascular function, including alterations in endothelial function (8, 9, (12) (13) (14) (15) (16) 52) , which contribute to enhanced myocardial perfusion and contractile function (6, 14, 15, 42) . However, despite overwhelming evidence for the therapeutic benefits of physical activity, the primary mechanisms by which regular exercise improves vascular function in the setting of coronary artery disease have not been fully established.
Recently, our laboratory has demonstrated the development of apparently opposing exercise-induced adaptations including enhanced Ca 2ϩ -dependent basal active tone, nitric oxide production, and K ϩ channel activity in collateral-dependent coronary arteries (16) . In light of these findings, we speculate that these seemingly paradoxical exercise training-induced adaptations may work in parallel to provide a more precise control of arterial tone to aid in the regulation of blood flow to collateraldependent myocardium, depending on the metabolic needs of the heart. Based on our previous findings, we anticipated that in addition to increased Ca 2ϩ -dependent basal active tone (16) , small arteries from the collateral-dependent myocardium of exercise-trained animals would also display enhanced contractile responses to vasoactive agonists, further contributing to the autoregulation of coronary blood flow in this region. Therefore, in the present study we tested the hypothesis that exercise training enhances agonist-mediated contractile responses of collateral-dependent arteries by promoting Ca 2ϩ sensitization.
MATERIALS AND METHODS
Experimental animals and surgical instrumentation. All animal protocols were approved by the Texas A&M University Institutional Animal Care and Use Committee and conformed to the National Institutes of Health's Guide for Care and Use of Laboratory Animals (NIH Publication No. 85-23, Revised 2010). Adult female Yucatan miniature swine (6 to 7 mo of age) were surgically instrumented with ameroid constrictors around the proximal left circumflex coronary (LCX) artery as previously described (16 -19) . Anesthesia was induced with ketamine (20 mg/kg im), maintained with 2 to 3% isoflurane and supplemental O 2 throughout aseptic surgery. Animals recovered from surgery for 8 wk before sedentary or exercise-training experimental protocols were initiated. The duration of this recovery period was chosen in light of previous studies using this animal model of chronic occlusion, which demonstrated that collateral development plateaus approximately 8 wk after ameroid placement (48). Thus we are able to assess collateral development in response to exercise training separately from that in response to occlusion. In our experience, total occlusion ensues approximately 3 wk after ameroid placement.
Sedentary and exercise protocols. Animals were randomly assigned to either a sedentary or exercise-training group. Exercisetrained (n ϭ 39) pigs underwent a progressive treadmill program (5 days/wk for 14 wk) as previously described (12, 13, 16 -19) . Sedentary (n ϭ 43) animals were confined to their pens. The effectiveness of the exercise-training program was determined by comparing the heart weight-to-body weight ratio and skeletal muscle citrate synthase activity as previously described (12, 13, 19) .
Preparation of coronary arteries. Following the completion of the 14-wk exercise-training protocol or sedentary confinement, animals were anesthetized with ketamine (35 mg/kg im) and pentothal sodium (30 mg/kg iv). Hearts were removed, placed in Krebs bicarbonate buffer (0 -4°C), and weighed. Visual inspection of the ameroid occluder during dissection of the LCX artery indicated 100% occlusion in all animals used for this study. Size-matched arteries (ϳ150 m internal luminal diameters) were isolated from both the collateral-dependent LCX (distal to occlusion) and the nonoccluded left anterior descending coronary (LAD) artery regions as previously described (16) .
Tension studies. Arterial rings were studied using specialized isometric microvessel myographs (Danish Myograph Technology) as previously described (16, 30 ). An endothelin-1 concentration-response curve was done in which arterial rings were incubated at each concentration until the contractile response was at steady state. Steady state was obtained within 3 to 10 min after the addition of each concentration of drug. Developed tension (T) was calculated as the milliNewton of force generated (F) per axial vessel length (g; in mm), where T ϭ F/2 g (30) . To assess the contribution of Rho-kinase, PKC, and nitric oxide to endothelin-1-mediated tension development, specific inhibitors [Y-27632, 10 M; or hydroxyfasudil, 30 M; calphostin C, 1 M; and N G -nitro-L-arginine methyl ester (L-NAME), 100 M, respectively] were added to separate rings 15 min before the initiation of endothelin-1 concentration-response curves. In additional studies, concentration-response curves were generated using the PKC activator phorbol 12,13-dibutyrate (PDBu). Because our preliminary data suggested an incomplete washout of endothelin-1 after the completion of a concentration-response curve, only one curve was completed in each arterial ring.
Simultaneous measures of intracellular free Ca 2ϩ and tension development. In additional studies, intracellular free Ca 2ϩ (fura-2) and contractile tension were measured simultaneously in denuded arterial rings as previously described (17, 19, 36) . Rings were denuded of endothelium by gently rubbing the luminal surface with silk surgical suture.
Solutions and drugs. Krebs bicarbonate buffer contained (in mM) 131.5 NaCl, 5 KCl, 1.2 NaH 2PO4, 1.2 MgCl2, 2.5 CaCl2, 11.2 glucose, 13.5 NaHCO3, and 0.025 EDTA. All drugs were obtained from Sigma Chemical unless otherwise noted. Endothelin-1 was purchased from Peninsula Laboratories. Fura-2 acetoxymethyl ester was purchased from Molecular Probes. Calphostin C was purchased from Biomol International.
Data analysis. Body weight, heart weight-to-body weight ratio, citrate synthase values, dimensional characteristics of coronary arterial rings, and the basal effects of inhibitors on resting tension were analyzed using Student's t-test. Concentration-response relationships were analyzed using repeated-measures two-way ANOVA, followed by Bonferroni correction for multiple comparisons when a main effect was identified. The concentration of endothelin-1 producing 50% of the maximal contractile response (EC 50) was calculated by nonlinear regression analysis. EC50 values were not calculated for curves in the presence of Rho-kinase and PKC inhibitors since these curves did not achieve maximal contractile responses. Maximal contractile responses were those observed independent of endothelin-1 concentration. The individual maximum contraction and EC50 values were averaged for nonoccluded and collateral-dependent arteries in the absence and presence of select inhibitors and compared using Student's t-tests. 
RESULTS

Efficacy of the exercise-training program.
The effectiveness of the 14-wk exercise-training program was demonstrated by a significant increase in the heart weight-to-body weight ratio and increased skeletal muscle oxidative enzyme capacity in exercise-trained compared with sedentary animals. Although body weight did not differ between sedentary and exercisetrained animals at the time of death (35.6 Ϯ 1.0 vs. 37.0 Ϯ 1.0 kg, respectively), the heart weight-to-body weight ratio was significantly greater from exercise-trained (n ϭ 33) compared with sedentary (n ϭ 40) pigs (5.4 Ϯ 0.1 vs. 4.6 Ϯ 0.1 g/kg, respectively). Citrate synthase activity increased significantly in the deltoid muscle (39. ) heads of the triceps brachii muscle in exercise-trained (n ϭ 31) compared with sedentary (n ϭ 39) pigs, respectively.
Coronary artery dimensions and characteristics. No significant differences in dimensional characteristics were observed between arterial rings from the nonoccluded (LAD) or collateral-dependent (LCX) regions of either sedentary or exercisetrained animals ( Table 1) .
Effects of occlusion and exercise training on the contribution of Rho-kinase, PKC, and nitric oxide to basal tone.
Exposure to the Rho-kinase inhibitors Y-27632 (10 M) or hydroxyfasudil (30 M) and the PKC inhibitor calphostin C (1 M) reduced resting tension in coronary arteries from the nonoccluded and collateral-dependent regions of both sedentary and exercise-trained animals ( Fig. 1) . Although there is a trend for all inhibitors to reduce tension in collateraldependent arteries more than nonoccluded vessels, only exposure to Y-27632 had a significantly greater reduction in tension (Fig. 1A) . We have previously reported the basal effect of nitric oxide synthase (NOS) inhibition with L-NAME (100 M) (16) .
Endothelin-1 concentration-response relationships. We compared steady-state contractile responses of arteries from the nonoccluded and collateral-dependent myocardial regions to increasing concentrations of endothelin-1 (Fig. 2) . In sedentary animals, concentration-dependent contractile responses to endothelin-1 were not different in arteries isolated from the collateral-dependent compared with the nonoccluded region ( Fig. 2A) . In contrast, collateral-dependent arteries from exercise-trained animals displayed significantly enhanced constriction compared with arteries from the nonoccluded region (Fig.  2B) . Furthermore, coronary arteries isolated from the collateraldependent region displayed significantly increased endothelin-1-mediated contractile responses in exercise-trained compared with sedentary animals. The evaluation of EC 50 values revealed that collateral-dependent arteries of exercise-trained animals displayed significantly increased sensitivity to endothelin-1 compared with nonoccluded arteries of exercisetrained and collateral-dependent arteries of sedentary animals ( Fig. 2B , inset, and Table 2 ). EC 50 values were not different between collateral-dependent and nonoccluded arteries of sedentary animals ( Fig. 2A, inset) . Furthermore, maximal endothelin-1-induced contraction was not significantly altered by occlusion or exercise training ( Table 2) .
Effect of NOS inhibition on endothelin-1-mediated constriction. Preincubation with the NOS inhibitor L-NAME (100 M) resulted in a significant leftward shift of endothelin-1 EC 50 values in collateral-dependent arteries of both sedentary and exercisetrained animals compared with EC 50 values in the absence of L-NAME (Table 2 ). In contrast, NOS inhibition did not significantly alter EC 50 values in arteries from the nonoccluded region of sedentary or exercise-trained animals. Importantly, the greater response to NOS inhibition in the collateral-dependent arteries of sedentary animals suggests that enhanced nitric oxide production masks an increased sensitivity to endothelin-1 compared with that in nonoccluded arteries. The increased sensitivity to endothelin-1 (EC 50 ) in collateral-dependent arteries of sedentary animals occurred despite no difference in concentration-response curves between nonoccluded and collateral-dependent arteries by analysis of variance and is likely attributable to the tendency for an increased maximal contraction in nonoccluded arteries (Fig. 3A) . Furthermore, concentration-response curves to endothelin-1 were significantly enhanced in arteries isolated from the collateraldependent compared with the nonoccluded region of exercisetrained animals (Fig. 3B) , consistent with that observed in the absence of NOS inhibition (Fig. 2B) . Endothelin-1 concentration-response curves and EC50 values (inset) between nonoccluded and collateral-dependent arteries in sedentary (A) and exercise-trained (B) pigs. Concentration-response curves for endothelin-1 were truncated at the concentration (3 nM) because arteries generally displayed reduced endothelin-1-mediated contraction at subsequent concentrations. NS, no significant difference. *P Ͻ 0.05; n, number of animals (shown in parentheses in Figs. 2-7) .
Simultaneous contractile tension and intracellular free Ca 2ϩ . To determine whether enhanced contractile responses to endothelin-1 in collateral-dependent arteries of exercisetrained animals were associated with increased Ca 2ϩ sensitivity, simultaneous measures of endothelin-1-mediated changes in contractile tension and intracellular free Ca 2ϩ levels in endothelium-denuded arteries from the collateral-dependent and nonoccluded regions of both sedentary and exercisetrained pigs were acquired (Fig. 4) . Figure 4A represents our experimental protocol in which arterial rings were constricted with increasing concentrations of endothelin-1, and the developed tension, as a function of fura-2 ratio, was obtained. Simultaneous measures of contractile tension and intracellular free Ca 2ϩ levels in response to increasing concentrations of endothelin-1 revealed that occlusion alone did not alter Ca 2ϩ sensitivity in the coronary vasculature, since best fit analysis for each set of data was obtained by the same equation (Fig. 4B) . On the other hand, best fit analysis was obtained with different equations for nonoccluded {y ϭ 5.302 ϩ 2.58e-5 · [exp(8.874 · x) Ϫ 1]/8.874} compared with collateral-dependent {y ϭ 5.302 ϩ 2.58e-5 · [exp(9.583 · x) Ϫ 1]/9.583} arteries (Fig. 4C ) of exercisetrained pigs. The significantly greater tension at comparable levels of intracellular Ca 2ϩ in the collateral-dependent compared with nonoccluded arteries suggests a synergistic effect of occlusion and exercise training on Ca 2ϩ sensitivity. The comparison of Fig. 4B and 4C demonstrates that exercise training produced an overall reduction in Ca 2ϩ sensitization compared with arteries from sedentary pigs.
Effect of Rho-kinase inhibition on endothelin-1-mediated constriction. To determine the contribution of the Rho-kinase signaling pathway to endothelin-1-mediated tension development, we compared steady-state contractile responses of arteries from the nonoccluded and collateral-dependent myocardial regions to increasing concentrations of endothelin-1 in the presence of the specific Rho-kinase inhibitor Y-27632 (Fig. 5) . Rho-kinase inhibition similarly attenuated endothelin-1-mediated contractile response in arteries from both the nonoccluded and collateral-dependent regions of sedentary (Fig. 5A ) and exercise-trained (Fig. 5B) animals. Importantly, enhanced endothelin-1 constriction in collateraldependent arteries of exercise-trained pigs was not corrected by Rho-kinase inhibition. Additionally, responses in the presence of the Rho-kinase inhibitor hydroxyfasudil (30 M) were similar to that observed with Y-27632 and also did not correct the exercise training-enhanced endothelin-1-mediated constriction in collateral-dependent arteries (data not shown).
Effect of PKC inhibition on endothelin-1-mediated constriction. To assess the contribution of PKC to endothelin-1-mediated 
e ET-1 ϩ L-NAME SED collateral-dependent, and f ET-1 ϩ L-NAME EX nonoccluded pigs is indicated. Fig. 3 . Effect of NOS inhibition on endothelin-1-mediated constriction. Endothelin-1 concentration-response curves in the presence of 100 M N -nitro-L-arginine methyl ester (L-NAME) between nonoccluded and collateral-dependent arteries in sedentary (A) and exercise-trained (B) pigs. Concentration-response curves for endothelin-1 plus L-NAME were truncated at the concentration 3 nM because arteries generally displayed reduced endothelin-1-mediated contraction at subsequent concentrations. *P Ͻ 0.05. tension development, we compared steady-state contractile responses of arteries from the nonoccluded and collateraldependent myocardial regions to increasing concentrations of endothelin-1 in the presence of the specific PKC inhibitor calphostin C (Fig. 6) . PKC inhibition significantly attenuated endothelin-1-mediated contractile response in arteries from both the nonoccluded and collateral-dependent regions of sedentary (Fig. 6A ) and exercise-trained (Fig. 6B) pigs. In sedentary pigs, PKC inhibition similarly reduced endothelin-1-mediated contractile response in arteries from both the nonoccluded and collateral-dependent regions, suggesting PKCmediated Ca 2ϩ sensitization was not altered by occlusion alone (Fig. 6A) . Importantly, PKC inhibition corrected exercise training-enhanced endothelin-1-mediated constriction in collateral-dependent arteries, resulting in similar contractile responses to endothelin-1 in nonoccluded and collateraldependent arteries of exercise-trained pigs in the presence of calphostin C (Fig. 6B) .
PDBu concentration-response relationships. To further investigate the involvement of PKC in the exercise trainingenhanced Ca 2ϩ sensitivity of collateral-dependent arteries, we compared steady-state contractile responses of arteries from the nonoccluded and collateral-dependent myocardial regions of both sedentary and exercise-trained animals to increasing concentrations of PDBu (Fig. 7) . PDBu is a phorbol ester that activates PKC isozymes by binding to their cysteine-rich zinc- fingerlike sequences (34) . Concentration-response curves to PDBu revealed similar responses in nonoccluded and collateraldependent arteries of sedentary pigs (Fig. 7A) . In contrast, collateral-dependent arteries of exercise-trained pigs revealed a significantly enhanced contractile response to PDBu when compared with nonoccluded arteries (Fig. 7B) . Further evaluation revealed that sensitivity to PDBu was not different between collateral-dependent and nonoccluded arteries of sedentary animals (Fig. 7A, inset) , whereas EC 50 values from collateral-dependent arteries from exercise-trained animals displayed a significantly greater sensitivity to PDBu (Fig. 7B,  inset) than nonoccluded arteries.
DISCUSSION
In the present study, we document the novel findings that coronary arteries isolated from the collateral-dependent region of exercise-trained pigs display increased endothelin-1-mediated contractile responses compared with arteries from the nonoccluded region of exercise-trained pigs and with both the nonoccluded and collateral-dependent regions of sedentary animals. We also provide evidence that the mechanism for the increased endothelin-1-mediated tension development is enhanced Ca 2ϩ sensitization of the smooth muscle contractile apparatus, as established by the increased tension development at comparable intracellular Ca 2ϩ levels in arteries from the collateral-dependent region of exercise-trained animals. To our knowledge, this is the first report of an effect of exercise training on Ca 2ϩ sensitization of coronary smooth muscle distal to occlusion/stenosis.
Our data also reveal that NOS inhibition produced a leftward shift in the contractile responses to endothelin-1 in collateraldependent arteries from both sedentary and exercise-trained animals. These findings are supported by our previous observation that phosphorylated endothelial NOS (p-eNOS; p-S1177) protein levels are increased in the collateral-dependent arteries of sedentary and exercise-trained animals in our model of chronic occlusion (16) and suggest that nitric oxide bioavailability is enhanced in collateral-dependent arteries during en- dothelin-1 stimulation. Interestingly, the effects of NOS inhibition on endothelin-1-mediated contractile responses were most marked in arteries from the collateral-dependent region of exercise-trained animals, as were our previously reported protein levels for both eNOS and p-eNOS (16, 52) . However, despite an enhanced contribution of nitric oxide, increased endothelin-1-mediated contraction persisted in the collateraldependent arteries of exercise-trained animals.
In this study, simultaneous measures of endothelin-1-mediated changes in contractile tension and intracellular free Ca 2ϩ in denuded arteries (Fig. 4) revealed that collateral-dependent vessels of exercise-trained pigs display a greater Ca 2ϩ sensitization compared with their nonoccluded counterparts. Comparing the data in Fig. 4 , B and C, reveals that exercise training produced an overall reduction in Ca 2ϩ sensitization when compared with arteries from sedentary pigs, despite the significantly increased endothelin-1 contractile tension in collateraldependent arteries of exercise-trained animals in Fig. 2 . Taken together, these data suggest that the increased contractile responses to endothelin-1 in collateral-dependent arteries of exercise-trained pigs compared with arteries from sedentary animals ( Fig. 2 ) is attributable to a mediator other than Ca 2ϩ sensitization. Exercise training may induce alterations in other mechanisms of Ca 2ϩ regulation, adaptations in signaling pathways that oppose vasoconstriction, or both. Indeed, exercise training has been reported to increase voltage-gated Ca 2ϩ channel current in porcine coronary artery smooth muscle cells (3) . Importantly, the comparison of arteries from exercisetrained pigs (Fig. 4C) indicates that Ca 2ϩ sensitization is enhanced in collateral-dependent compared with nonoccluded arteries and likely contributes to the difference in contractile tension between these arteries.
PKC (25, 44) and the Rho/Rho-kinase (21, 43) signaling pathways have been reported to enhance Ca 2ϩ sensitization of the contractile apparatus through inhibition of myosin light chain phosphatase. In this study, pretreatment with the PKC inhibitor calphostin C and not the Rho-kinase inhibitors Y-27632 and hydroxyfasudil reversed the enhanced endothelin-1-mediated contraction and sensitivity to endothelin-1 in collateral-dependent arteries of exercise-trained animals. Importantly, concentrations of calphostin C (1 M) used in this study have been shown to not alter intracellular Ca 2ϩ levels in porcine coronary arteries (33) . Taken together, these data indicate that the enhanced endothelin-1-induced contraction in small collateral-dependent coronary arteries from exercisetrained pigs is likely attributable to enhanced PKC-and not Rho/Rho-kinase-mediated Ca 2ϩ sensitization. However, these data did not discern whether endothelin-1-mediated PKC activation resulted from increases in the PKC signaling pathway and its components and/or enhanced responsiveness of contractile proteins to direct activation of PKC as previously suggested (1) . Therefore, we used the diacylglycerol mimetic PDBu to further define the enhanced PKC-mediated Ca 2ϩ sensitization. PDBu concentration-response relationships demonstrated that collateral-dependent arteries isolated from exercise-trained pigs are indeed more responsive to phorbol ester activation compared with the nonoccluded control arteries. Although these findings do not rule out the possibility of endothelin-1-stimulated increases in the PKC signaling pathway and its components, they do provide evidence that the enhanced PKC-mediated Ca 2ϩ sensitization is in part due to an increased responsiveness of contractile proteins to PKC activation. It is interesting that these unique adaptations were specific to arteries from the collateral-dependent region of exercisetrained animals, suggesting that the combination of occlusion and exercise training stimulated the observed responses. Our observation of enhanced nitric oxide and PKC contributions in small arteries of the collateral-dependent region of exercisetrained animals may reflect a delicate balance of endogenous vasoactive agents that aid in the maintenance of a functional coronary flow reserve that is accessible during periods of increased metabolic demand. Indeed, exercise-induced increases in arterial shear stress likely stimulate nitric oxide production (50, 51) and subsequently enhance vasodilatation of coronary resistance arteries to increase myocardial blood flow into the myocardium at risk. Furthermore, while endothelin-1 contributes to basal vascular tone in resistance arteries of the coronary circulation, the vasoconstrictor effect of endothelin-1 is reduced during exercise (27, 29, 45) . Thus the adaptations observed in arteries from the collateral-dependent region of exercise-trained pigs may function to optimize the control of arterial tone at rest, yet maintain the blood flow required to meet the metabolic needs of the heart during exercise. However, it is difficult to reconcile our findings of an increased contribution of PKC in collateral-dependent arteries after exercise training with a growing body of evidence that suggests a role for PKC in the pathogenesis of ischemic heart disease (20, 31) . Indeed, studies have reported that PKC modulation provides protection against myocardial ischemic injury in vitro as well as in vivo in various species including pigs (4). On the other hand, it is seemingly paradoxical in our study that both PKC-and nitric oxide-dependent responses are upregulated in collateral-dependent arteries from exercise-trained animals. As we have previously reported, both eNOS and p-eNOS protein levels are increased in these arteries (16) , adaptations that may be most exploited during periods of increased metabolic demand (47) . The observed increase in PKC-mediated contraction may arise to offset increased nitric oxide production in these arteries, as we have previously reported (16) . We speculate that these concurrent adaptations may allow for more precise adjustments in vascular tone to meet the metabolic demands of the heart. It is also noteworthy that PKC may be upregulated for its role in additional cellular functions including migration, proliferation, differentiation, and gene transcription (23) , functions that may be highly active in the dynamic environment of collateral growth and development. Our data do not permit us to conclude whether PKC and/or nitric oxide are primary or compensatory mechanisms in coronary collateral growth and function.
We previously reported no change in endothelin-1-mediated Ca 2ϩ sensitization in collateral-dependent epicardial coronary arteries in our porcine model of chronic occlusion (17) , which is consistent with current findings in the microcirculation. On the other hand, collateral-dependent vessels from sedentary pigs in our previous study displayed altered Ca 2ϩ sensitivity in response to KCl-induced depolarization (17) . It is possible that differences in the Ca 2ϩ -sensitizing mechanisms between KCl and endothelin-1 are responsible for the different responses in collateral-dependent arteries of sedentary pigs observed in our previous study. Indeed, it has been shown that depolarization with KCl induces substantial Rho activation and Rho-kinase-dependent contraction (39) , whereas this study strongly suggests that PKC, but not Rho-kinase, is responsible for the enhanced endothelin-1-mediated Ca 2ϩ sensitization observed in collateral-dependent arteries from exercise-trained pigs.
Limitations. Previous studies have revealed that the blockade of endothelin-1 receptors in resting, conscious pigs increases coronary venous blood O 2 saturation (27) , suggesting that basal endogenous levels of endothelin-1 produce a level of basal active tone (27, 45) . Although the endothelin-1 concentrations used in these in vitro studies are higher than plasma concentrations reported in normal or pathological states (24, 26) , the reported levels of circulating endothelin-1 are lower than concentrations necessary to elicit contraction in vitro. Furthermore, the administration of physiological plasma levels of endothelin-1 typically produces vasodilatation, likely attributable to endothelin-1-mediated nitric oxide production at lower endothelin-1 concentrations (10, 46) . It is widely recognized that at low concentrations of endothelin-1, the stimulation of endothelin receptors subtype B on endothelium produces vasodilatation, whereas higher endothelin-1 concentrations produce vasoconstriction via endothelin receptors subtypes A and B on vascular smooth muscle (41) . Thus, since endothelin-1 release is abluminal and based on stoichiometric binding conditions that suggest most endothelin-1 molecules are bound to receptors and are not present in free form (11) , circulating endothelin-1 levels likely do not reflect the generally higher concentration at the vascular smooth muscle layer. Therefore, the physiological or pathological relevance of the endothelin-1 concentrations used in our study remains to be determined, especially as relevant to the diseased coronary circulation.
Clinical implications and conclusions. Despite the dogma that myocardial ischemia associated with coronary artery stenosis causes maximal dilatation of coronary resistance arteries in the ischemic region, emerging clinical evidence indicates that during periods of increased metabolic demand, coronary vasomotor tone persists distal to the site of stenosis and contributes to episodes of ischemia in patients with chronic stable angina (35, 40) . Furthermore, in compromised myocardial regions of coronary artery disease patients, paradoxical microvascular constriction occurred as metabolic demand increased (40) . Recent evidence highlighting PKC as a potential player in ischemic heart disease (4, 20, 31) has increased the study of PKC modulators as an attractive potential pharmacological treatment of myocardial ischemia. However, the nonpharmacological intervention of exercise training may produce adaptations in multiple vasoactive pathways that function together to optimize blood flow to the compromised region. Indeed, the role of regular exercise has garnered increasing attention from both researchers and clinicians as a mechanism by which myocardial perfusion and function may be substantially improved in patients with coronary artery disease. Whether pharmacological agents, such as selective PKC modulators, would provide benefits in addition to an exercisetraining regimen remains to be determined.
In conclusion, our studies not only demonstrate that small coronary arteries (ϳ150 m internal luminal diameter) isolated from the collateral-dependent region of exercise-trained animals display increased endothelin-1-induced contraction that is attributable to enhanced Ca 2ϩ sensitization but also implicate the PKC signaling pathway as a strong candidate to mediate this response. In addition, although seemingly paradoxical, we also provide evidence of an increased role for nitric oxide synthase during endothelin-1-mediated constriction in the collateral-dependent arteries following an exercise-training regimen. Because the vasoconstrictor effect of endothelin-1 wanes during exercise (28) and nitric oxide production is increased during exercise (2), these adaptations may function to differentially optimize the control of arterial tone and maintain blood flow appropriate for the metabolic needs of the collateraldependent myocardial region.
